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Requirement for Rho GTPases and PI 3-kinases
during apoptotic cell phagocytosis by macrophages
Yann Leverrier and Anne J. Ridley
In vivo, apoptotic cells are removed by surrounding starvation [4, 5]. Murine bone marrow–derived macro-
phages were used as phagocytes. They use the vitronectinphagocytes, a process thought to be essential for
tissue remodeling and the resolution of receptor (an avb3 integrin) as a recognition mechanism to
ingest a variety of apoptotic cells [6] and apoptotic Baf-3inflammation [1]. Although apoptotic cells are
known to be efficiently phagocytosed by cells (see below).
macrophages, the mechanisms whereby their
interaction with the phagocytes triggers their Phagocytosis is a process used by phagocytes to engulf
engulfment have not been described in mammals. large particles. Although phagocytosis is actin dependent,
Here, we report that primary murine bone the protrusive activity during the engulfment and the
marrow–derived macrophages (using avb3 integrin signaling pathways mediating phagocytosis depends on
for apoptotic cell uptake) extend lamellipodia to the type of receptor stimulated [7, 8]. We used scanning
engulf apoptotic cells and form an actin cup where electron microscopy as a first approach to characterize the
phosphotyrosine accumulates. Rho GTPases and PI engulfment of apoptotic cells. The binding of apoptotic
3-kinases have been widely implicated in the Baf-3 cells to macrophages induced the formation of
regulation of the actin cytoskeleton [2, 3]. We show plasma membrane protrusions from the macrophages at
that inhibition of Rho GTPases by Clostridium the contact points between the two cells (Figure 1A).
difficile toxin B prevents apoptotic cell phagocytosis Lamellipodia rose around and above the apoptotic cells,
and inhibits the accumulation of both F-actin and and this led to the formation of a cup that eventually
phosphotyrosine. Importantly, the Rho GTPases surrounded the apoptotic cells. Apoptotic cells induced a
Rac1 and Cdc42 are required for apoptotic cell dramatic increase in the F-actin concentration at the site
uptake whereas Rho inhibition enhances uptake. of contact with the macrophages (Figure 1B), and protru-
The PI 3-kinase inhibitor LY294002 also prevents sions rich in F-actin extended from the macrophage dorsal
apoptotic cell phagocytosis but has no effect on the surface to form an actin cup. We obtained similar results
accumulation of F actin and phosphotyrosine. using different types of apoptotic cells (primary interleu-
These results indicate that both Rho GTPases kin-3-dependent cells starved of growth factors, stauro-
and PI 3-kinases are involved in apoptotic cell sporine-treated U937 cells, UV-treated Jurkat cells) and
phagocytosis but that they play distinct roles in different types of phagocytes (bone marrow GM-CSF-
this process. derived phagocytes, J774 mouse macrophage cell line)
(data not shown). Taken together, these results indicate
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copy to quantify the phagocytosis of apoptotic cells by
macrophages. This protocol allowed the apoptotic cells
that had been internalized to be distinguished from those
that had only been bound to the exterior of the macro-Results and discussion
To study the phagocytosis of apoptotic cells by macro- phages (Figure 2A). All apoptotic Baf-3 cells were labeled
with CFSE and readily identified by their intense greenphages, we used as a prey the interleukin-3-dependent
Baf-3 pre-B cell line since these cells undergo a robust fluorescence. Cell surface proteins on Baf-3 cells were
also biotinylated, and following fixation, only those Baf-3and well-characterized apoptosis following growth factor
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Figure 1
Protrusive activity and tyrosine
phosphorylation during apoptotic cell
engulfment by macrophages.
(A) Scanning electron micrographs are shown
of bone marrow CSF-1-derived
macrophages incubated for 2 hr with
apoptotic Baf-3 cells. Different stages of
engulfment are shown: early (left), middle
(center), and late (right). Bars 5 5 mm.
(B) F-actin and phosphotyrosine colocalize
during the phagocytosis of apoptotic cells.
Macrophages were cultured with apoptotic
cells for 45 min. Actin filaments were
visualized using rhodamine-conjugated
phalloidin (left panel). The actin cytoskeleton
of apoptotic Baf-3 cells is barely detectable.
This may be due to depolymerization or
cleavage of F-actin, which occurs during
apoptosis [27–29]. Phosphotyrosine was
detected with mouse anti-phosphotyrosine
antibody followed by Cy5-conjugated anti-
mouse antibody (middle panel). Apoptotic
cells were labeled with a cell-permeable
green fluorescent dye (CFSE) to allow their
detection (right panel). Arrowheads indicate
colocalization of actin cups, phosphotyrosine
foci, and apoptotic cells. Bars 5 10 mm.
cells that were not internalized were accessible to and ing (IgG control, Figure 2D) or uptake by macrophages
(IgG control, Figure 2C). Microinjection of C3 transferasecould be labeled with rhodamine-conjugated streptavidin.
Incompletely or noningested Baf-3 cells were therefore from Clostridium botulinum which ADP ribosylates and
inactivates Rho [15] significantly increased apoptotic cellidentified by their red fluorescence (see arrowheads).
uptake. In contrast, microinjection of the dominant inhibi-
tory mutants of Rac1 (N17Rac1) or Cdc42 (N17Cdc42)We investigated which receptor was used by macrophages
severely impaired apoptotic cell phagocytosis. None offor apoptotic Baf-3 cell uptake (Figure 2B). Phagocytosis
the inhibitors had any significant effect on apoptotic cellwas significantly inhibited by the integrin binding peptide
binding. Microinjection of N17Rac or N17Cdc42 also in-RGDS but not by control peptide RGES or by phospho-
hibited phagocytosis of apoptotic Jurkat cells (UV-treatedL-serine, an inhibitor of the phosphatidylserine receptor-
or staurosporine-treated) (data not shown). These resultsmediated uptake [9]. Monoclonal antibodies against CD51
show that apoptotic cell phagocytosis required Rac1 andand CD61 (av and b3 chains of the vitronectin receptor)
Cdc42, whereas inhibition of Rho enhanced phagocytosis.inhibited uptake. Together, these results indicate that
The latter is consistent with suggestions that Rho inhibi-bone marrow–derived macrophages use the avb3 integrin
tion enhances Rac1- and Cdc42-mediated responses infor apoptotic Baf-3 cell uptake in agreement with previous
macrophages [16] and competes with Cdc42 and/or Rac1reports obtained with other types of apoptotic cells [6, 10].
in neurite outgrowth [17]. Moreover, our results show that
the involvement of Rac1 in apoptotic cell uptake has beenRho GTPases have been widely implicated in the regula-
conserved through evolution as its homolog in nematodetion of the actin cytoskeleton [3] and recently in the
Caenorhabditis elegans is required for engulfment of apo-process of FcgR- and complement-mediated phagocytosis
ptotic corpses [18].[7, 11–13]. Clostridium difficile toxin B, an inhibitor for
endogenous Rho GTPases [14], inhibited apoptotic cell
phagocytosis in a dose-dependent manner (Figure 2C) with PI 3-kinases have been implicated in many cellular re-
sponses downstream of tyrosine kinases such as macro-an IC50 of 1.5 6 0.7 ng/ml. This was not a consequence of
a lack of binding of apoptotic cells to the macrophages phage chemotaxis [19] and FcgR-mediated phagocytosis
[20, 21]. The PI 3-kinase inhibitor LY294002 inhibited(Figure 2D). The inhibition of apoptotic cell phagocytosis
by toxin B led us to investigate the identity of the Rho apoptotic cell phagocytosis in a dose-dependent manner
(Figure 2C) with an IC50 of 4.3 6 0.7 mM. The impairmentGTPases required for apoptotic cell uptake. We tested
the ability of macrophages microinjected with inhibitors of phagocytosis by LY294002 was not due to decreased
binding (Figure 2D). Similar results were obtained withof Rho, Rac1, and Cdc42 to engulf apoptotic cells. The
process of microinjection did not affect apoptotic cell bind- wortmannin (IC50 < 7 nM), an irreversible inhibitor of PI
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Figure 2
Rac1, Cdc42, and PI 3-kinases are required for apoptotic cell 378C with apoptotic cells. Phagocytosis is reported as percentage of
phagocytosis. untreated macrophages. Results are presented as mean 6 SEM of
(A) Staining protocol for distinguishing ingested from noningested two to four independent experiments.
apoptotic cells. Macrophages were cultured with apoptotic cells for (C and D) Macrophages were pretreated as indicated for 1 h with
60 min and then washed to remove the unbound cells and fixed. Cells different concentrations of the Rho GTPase inhibitor C. difficile toxin
were stained as described in Methods (see supplementary material). B, the PI 3-kinase inhibitor LY294002, or were microinjected with the
Macrophages had a low level of green fluorescence through detection indicated proteins (rabbit IgG alone as a control or rabbit IgG together
of the macrophage cell surface marker F4/80 (left panel). Apoptotic with C3 transferase, N17Rac1, or N17Cdc42). Macrophages were
cells were CFSE labeled and appeared intensely green (left panel). subsequently cultivated for 2 h with the apoptotic cells. Phagocytosis
The noninternalized apoptotic cells also bound the rhodamine- index (C) and binding index (D) are reported as percentage of untreated
conjugated streptavidin and therefore appeared red (right panel). cells. Microinjected macrophages (detected with
Asterisks indicate internalized apoptotic cells. Arrowheads indicate aminomethylcoumarine-conjugated anti-rabbit antibody) were
noninternalized apoptotic cells. Bar 5 20 mm. compared to noninjected neighboring macrophages. Results are
(B) Macrophages were incubated for 1 h with apoptotic Baf-3 cells presented as mean 6 SEM of three to seven independent experiments.
in the presence of RGDS (1 mM), RGES (1 mM), or phospho-L- Results obtained with microinjected inhibitors were compared with
serine (L-PS, 0.1 mM). Macrophages were preincubated for 20 min results obtained with IgG alone using Student’s t test: *, p , 0.01
on ice with monoclonal anti-mouse CD51, anti-mouse CD61, or (very significant); **, p , 0.0001 (extremely significant).
isotype control (75 mg/ml) antibodies and then incubated for 1 h at
3-kinases unrelated to LY294002 (data not shown). At the effects of LY294002 and toxin B on actin cup forma-
tion and phosphotyrosine accumulation at sites of phago-these concentrations, the two inhibitors inactivate specifi-
cally PI 3-kinases [22] indicating that one or more isoforms cytosis. LY294002 had no effect on the formation of actin
cups or the accumulation of phosphotyrosine (Figure 3B).of PI 3-kinases are required for apoptotic cell uptake.
In contrast, in the presence of toxin B, the apoptotic cells
that were bound to the macrophages did not induce thePI 3-kinase can act upstream of Rac during growth factor
signaling [23]. To determine whether it also acts upstream accumulation of either F-actin or phosphotyrosine (Figure
3C). Together, these data suggest that Rho GTPases areof Rac during apoptotic cell phagocytosis, we compared
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Figure 3
Inhibition of Rho GTPases but not PI 3-kinases
prevents phosphotyrosine and actin
accumulation during apoptotic cell
phagocytosis.
Macrophages were pretreated for 1 h with
DMSO as a control (A), 100 mM LY294002
(B), or 100 ng/ml toxin B (C) and then
cultivated for 45 min with apoptotic cells. The
cells were costained for phosphotyrosine (left
panel) and F-actin (middle panel). CFSE-
labeled apoptotic cells are shown in the right
panel. Arrows indicate colocalization of
phosphotyrosine foci, F-actin accumulation,
and apoptotic cells. Similar settings were
used to acquire and process the images
except for toxin B–treated specimens where
the F-actin signal had to be increased to be
detected. Bar 5 20 mm.
necessary for the formation of an actin cup and the accu- difference in the duration of Rac1 and/or Cdc42 activation
during FcgR-mediated and apoptotic cell phagocytosis ismulation of phosphotyrosine while PI 3-kinases act down-
stream of these events, and thus that PI 3-kinases do not responsible for determining whether or not proinflamma-
tory mediators are produced.act upstream of Rac.
Supplementary materialThe signaling pathways regulating apoptotic cell phagocy-
Supplementary material including detailed methodology is available attosis and FcgR-mediated phagocytosis share a common
http://current-biology.com/supmat/supmatin.htm.
requirement for Rho GTPases (including the requirement
for Rac1 and Cdc42 but not Rho) and PI 3-kinases [7, 11, Acknowledgements
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